In order to establish sustainable heat loading (heat removal and storage) in abandoned flooded mine workings it is important to understand the geomechanical impact of the cyclical heat loading caused by fluid injection and extraction. This is particularly important where significantly more thermal loading is planned than naturally occurs. A simple calculation shows that the sustainable geothermal heat flux from abandoned coal mines can provide less than a tenth of Scotland's annual domestic heating demand. Any heat removal greater than the natural heat flux will lead to heat mining unless heat storage options are also considered.
As a first step, a steady-state, fully saturated, 2D coupled hydromechanical model of a generalized section of pillarand-stall workings has been created. Mine water rebound was modelled by increasing the hydrostatic pressure sequentially, in line with monitored mine water-level data from Midlothian, Scotland. The modelled uplift to water-level rise ratio of 1.4 mm m −1 is of the same order of magnitude (1 mm m −1 ) as that observed through interferometric synthetic aperture radar (InSAR) data in the coalfield due to mine water rebound. The modelled magnitude of shear stress at the pillar corners, as a result of horizontal and vertical displacement, is shown to increase linearly with water level. Mine heat systems are expected to cause smaller changes in pressure than those modelled but the results provide initial implications on the potential geomechanical impacts of mine water heat schemes which abstract or inject water and heat into pillar-and-stall coal mine workings.
The utilization of abandoned flooded mine workings in the UK could provide a renewable heat source near to centres of population. Hence, interest in extraction of this resource has recently increased partially driven by analysis which indicates that the UK will fail to meet legally binding renewable energy targets by 2020. There is also increasing awareness that progress in renewable heat is essential to overall decarbonization goals (House of Commons Energy and Climate Committee 2016). Heating accounts for over half of Scotland's energy use and currently renewable sources contribute less than 5% to this (The Scottish Government 2018).
It has been estimated that a third of Scotland's heating requirement could be obtained by utilizing shallow abandoned coal mine workings (Gillespie et al. 2013 ) although this may be considered 'heat mining', i.e. abstracting more than is sustainable. A high level estimate of the geothermal heat flow (65 mW m −2 ) and the area mined in the Midland Valley (4.8 × 10 3 km 2 taken from (Gillespie et al. 2013) ) suggests that the amount of geothermal energy available annually is 9.8 × 10 9 MJ, i.e. around 8% of Scotland's annual domestic heating demand. Any more heat removal will inevitably lead to non-sustainable heat mining unless heat storage options are also considered. The potential for mine source heat energy globally is significant, with 3000 MW potentially available from flooded mines throughout Europe (Bailey et al. 2016) and it is thought that there are more than 1 million abandoned mines throughout the world (Hall et al. 2011) .
Mine water heat schemes have been operational since the 1980s (Jessop 1995) and the first trials for operational schemes in Scotland were undertaken in the early 1990s (Banks et al. 2009 ). Interest in the renewable heat energy potential of UK mine workings has seen a recent resurgence (e.g. Bailey et al. 2016; Farr et al. 2016) . Feasibility studies of the potential of abandoned coal mine workings have been funded in Scotland (Harnmeijer et al. 2012) and Wales (Department for Business Energy & Industrial Strategy 2018) and pilot schemes have been installed at two former collieries in England (Banks et al. 2019) . One of two new UK Geoenergy Observatories is located in Glasgow to specifically research the mine water environment in the context of developing mine water heat technology (Monaghan et al. 2018) .
Mine workings that are at shallower depths, closer to the ground surface are typically the oldest workings and many were abandoned with intact coal columns ( pillars/stoops) for stability (NCB 1972; Younger & Robins 2002) . These pillars are expected to become weaker over time through oxidation, groundwater erosion and spalling which reduces their capacity to support the overlying strata (Sizer & Gill 2000) . A reduction in the load-bearing capacity of a pillar can result in failure, increasing the load on surrounding intact pillars and potentially leading to a pillar failure chain reaction. This results in the subsidence of overlying strata in a similar way to longwall mining (Sizer & Gill 2000) . Groundwater-level variations are known to be a factor in the collapse of shallow mine workings, causing subsidence which has affected significant transport infrastructure in Scotland (Helm et al. 2013) .
Shallower abandoned coal mine workings are an attractive source for heat schemes due to the lower drilling costs in access compared to deeper workings. There is also the potential for shallower water levels with the added benefit of lower pumping costs. However, utilizing these shallow abandoned flooded mine workings as an energy resource, or store, will cause changes in the flow, pressure and heat regime underground. This may cause variations in the effective stress, which could result in strains, producing mechanical deformation of the rock materials. In order to understand the influences of cyclical loading from seasonal heat storage we need to first understand the geomechanical behaviour of the systems.
Research on mine water geothermal has mainly concentrated on resource characterization (Ferket et al. 2011; Jardon et al. 2013; Díez & Díaz 2014; Loredo et al. 2017 ) and operational performance (Verhoeven et al. 2014; Banks et al. 2019) of systems from mine workings at hundreds of metres below the surface. Modelling studies have so far focused on heat extraction and flow transfer in mines, ranging from analytical solutions (Rodríguez & Díaz 2009 ) to 3D numerical models of heat and fluid flow (Malolepszy 2003; Renz et al. 2009; Hamm & Bazargan Sabet 2010) . The potential geomechanical impacts of changes to the mine environment from these schemes has received little attention.
This paper describes a coupled hydraulic and mechanical model of a flooded abandoned pillar-and-stall mine system under increasing hydraulic head. It provides a first stage understanding of the geomechanical response to variations in effective stress, highlighting the impact on the coal pillars due to pressure changes from rising water level. Here we consider:
(1) conceptual modelling of the mine water system; (2) model parameterization of a generic coal mine workings geometry; (3) numerical finite element modelling to determine geomechanical impacts on pillar properties through rising water levels; (4) results and limitations of the model.
Methodology

Conceptual model
Mining in Scotland can be traced back to the twelfth century (Younger 2001 ) and coal production peaked in 1913 when c. 44 000 000 t were extracted (Beveridge et al. 1991) . Progressive closure of Scottish collieries began following the nationalization of the coal industry in 1947. Large modern collieries in Lanarkshire, Ayrshire and the Lothians closed in the 1970s, 1980s and 1990s respectively (Northern Mine Research Society, https://www.nmrs.org.uk/). The last deep coal mine in Scotland, Longannet (Fife), closed in 2002.
Following mine closure, groundwater, which had been pumped out to facilitate mining, has been recovering back to natural levels. This rebound is complex as the individual collieries stopped mining and pumping at different times. The extraction of coal, iron stone and other minerals has produced a linked network of voids and collapsed voids (or wastes) in the subsurface. As groundwater rebounds and fills the voids, artificial water stores are created, termed 'anthropogenic aquifers' (Adams & Younger 2001) , with zones of higher hydraulic conductivity in lower permeability host rock.
Fluid and heat flow pathways are dependent on the volume mined and dewatered, which is related to the type of mining (Wolkersdorfer 2008) . This research has focused on coal mines worked by hand following the pillar-and-stall (also known as stoop-and-room or bord-and-pillar) method ( Fig. 1 ). This is where props held up the formation while explosives were used, the coal was then hand-stripped out and stoops or pillars of coal were left to maintain the integrity of the workings. Traditional pillar design is based on the principle that the strength of the pillar must be greater than the load placed upon it (NCB 1975; Jaiswal & Shrivastva 2009 ).
This method of working continued in the UK up until mechanization was brought in around the 1950/1960s. In longwall mining conveyors were used next to the coalface and the whole area of coal was removed with the ceiling allowed to collapse behind it. Pillar-and-stall mining was still used where the dip of the workings was too great for shearing machine access. These shallower systems provide the most accessible source of heat. As pillar-and-stall workings tend to rely on the pillars for stability, it is likely that any instability induced from a changing water level will be more likely to impact these workings compared to longwall workings which have usually already collapsed and are generally infilled with goaf (i.e. collapsed overburden).
Geological systems are inherently complex and simplification is necessary to represent the controlling mechanisms (Kruse & Younger 2009 ). Mining systems, in particular, have a number of site-specific characteristics (e.g. seam thickness, number of seams worked, mining arrangement), producing a unique hydraulic system; assumptions have to be made to allow creation of a representative conceptual model. The main hydrogeological components of a mining system are similar to an unworked aquifer: recharge, regional groundwater flow and leakage from and to underlying confined aquifers. Mine-specific elements include water ingress through open workings (e.g. shafts, near-surface workings), leakage from the formation into open mine workings and water inflow from adjacent connected mines. Mines can be considered to have triple porosity: primary porosity of rock, mining voids and additional fractures caused by mining (Andrés et al. 2017) , which adds complexity to the flow mechanisms. There is the added complication that fluid flow is dependent on the groundwater rebound situation; turbulent flow becomes important when large open voids are refilling (Adams & Younger 2001) .
As a simplification, the model that has been developed here assumes that the mine workings are fully saturated (i.e. water in place) and the effects of recharge, leakage (both mining related and not) and ingress from non-flooded workings have not been addressed. The model reflects rising groundwater, i.e. mine water rebound, which has been modelled through pressure changes over a number of steps with time. It is assumed that there is no regional groundwater gradient.
Surface uplift due to mine water-level rebound has been identified in several coal mining areas, e.g. South Wales (Bateson et al. 2015) and Northumberland but not modelled through a hydromechanical model. The rising water level increases pore pressure in the overburden and in mining-related disturbed zones, causing expansion which can result in surface uplift. This uplift is considered to have a linear relationship with mine water level (Bekendam & Pottgens 1995) as deformation is calculated as a function of effective stress (equations 3-5). There could also be some minor elastic rebound and local scale uplift due to the reduction in vertical effective stress by the rising water level (Bateson et al. 2015) .
This research has excluded any mining-induced fractures and has assumed that the mine workings are intact and the stalls are essentially fully saturated voids. In reality, in some places the workings will have collapsed leaving waste material 'goaf' in the stalls which will provide some mechanical stability to the system. Flow is governed by Darcy's Law and the stall material has been given properties representative of water, i.e. flow will preferentially occur in the stalls compared to the surrounding material and is flowing from the base of the model to the top to simulate rebounding groundwater levels.
The materials included in the model are assumed to be homogeneous and isotropic, which is a significant simplification, as the strata surrounding the flooded mine workings are generally highly stratified with different geomechanical responses. Storage has not been included at this stage, i.e. calculations were performed assuming a steady state. Deformation associated with groundwaterlevel rise is assumed to be an elastic process and, as such, a linear elastic constitutive model has been applied at this stage; plastic deformation has not been considered.
Model parameterization
Geometry
The model developed in this research is a generic pillar-andstall system; however; several attributes are based on mine workings in part of the Midlothian coalfield. This area has been selected as it is known there are pillar-and-stall workings present and, more significantly, surface uplift has been recorded in recent data (2015-17) which has been attributed to rising mine water (GVL 2018) , providing data to test the model.
The Midlothian area is between Penicuik and Dalkeith, approximately following a north-east-trending syncline. The mining history is complex, with recorded mining from the seventeenth century which became progressively deeper as the shallow coal was exhausted. There were more than ten operational collieries before post-nationalization closures began in the 1950s. Lady Victoria and Bilston Glen were the last to cease production in the late 1980s (Northern Mine Research Society, https://www.nmrs.org.uk/). Mine water levels were controlled during operations by a complex network of pumping shafts; latterly pumps in Bilston Glen and Easthouses shafts managed the water in the west and east of the area respectively. Bilston Glen dewatered the whole area following closure of Easthouses in 1969 (URS 2014). It is assumed mine water pumping stopped around the same time as Bilston Glen closed, in 1989.
Mine water level is recorded monthly from shafts at Bilston Glen and Easthouses by the Coal Authority. The rate of rebound at Bilston Glen has reduced over time, from around 21 m a −1 between 2006 and 2010 (URS 2014) to around 18 m a −1 between 2010 and 2014 (data supplied by The Coal Authority). Between 2015 and 2017 the water levels rose from −10 mAOD to 27 mAOD (metres above ordnance datum), equivalent to 164 m and 127 m below surface, respectively, a rate of nearly 13 m a −1 (Fig. 2) . Data from 2013 for Easthouses, which is c. 7 km east of Bilston Glen, show the water level in this part of the mine system follows the same pattern of rebound, indicating the mine workings are connected. The large increase in water levels in the 2015/2016 winter seen in Figure 2 is thought to be the result of additional water make/inflow from a previously unconnected section of workings.
As a simplification the model has been assumed to be fully saturated, meaning the top of the workings must be below the deepest water level, shown by a dotted line on Figure 1 . The depth of the modelled mine workings relative to measured water levels is shown on Figure 2 . In order to use the measured water-level data, the modelled workings were set at 190 m with 20 m of overburden and underburden; this is considered to be sufficient to avoid boundary condition influences. The modelled conditions are therefore potentially deeper than typical pillar-and-stall workings.
The additional unmodelled overburden was included as a source term (mechanical boundary load), representing lithostatic pressure using the following equation:
where P ST is the calculated source term pressure (Pa), ρ overburden is the estimated mean density of the overburden (kg m −3 ), g is gravitational acceleration (m s −2 ) and h is the thickness of overburden from the top of the model to the surface (m). The dimensions of pillars in this location are highly irregular and are dependent on the specific conditions encountered during mining. Abandoned coal mine plans indicate that the pillar sizes can range from around 5 × 5 m to >30 × 15 m. A pillar width of 12 m was chosen for the model, representing an average of those measured.
The stall width is dependent upon the volume of material mined and also on the strength of the local overburden lithology. The range of estimates for pillar-and-stall extraction is large, between 15-90% ) and 30-60% (Edmonds 2018) material removed. A low extraction of c. 30% was used in this model to give a stall width of 6 m. These dimensions are within typical dimensions for Carboniferous Coal Measures: stalls were generally 6 to 9 m wide and pillars 9 to 30 m wide (Younger & Adams 1999) . The model is a conservative scenario with respect to pillar failure; if the stalls were larger, i.e. a higher extraction, then the pressure on the pillars would be larger due to the greater span between them. The height of the pillar is dependent on the particular coal seam thickness; an average value of 1 m was taken from graphs comparing pillar width, overburden cover depth and road height (NCB 1972) . The model comprises one level of flooded workings with five pillars (Fig. 3) .
Boundary conditions
The deformation boundary conditions are shown in Figure 3 , with the bottom boundary completely static and the other boundaries allowed to move vertically but not horizontally. Fluid pressure boundary conditions were set at the top and bottom of the model to represent hydrostatic pressure. Initially the hydrostatic pressure was based on a water level of 167 m below the surface, taken from Figure 2 . Two additional steps were run, each corresponding to 20 m water-level rise, with the final water level at 127 m below surface. This is equivalent to the overall rise experienced at Bilston Glen from 2015 to 2017; the actual rate of rise has been averaged to simplify the modelling process.
Material properties
The geology of this area comprises layered sedimentary rocks of both the Clackmannan Group and the Scottish Coal Measures Group which were deposited during the Carboniferous Period. Bilston Glen is located on the western edge of a syncline, with collieries such as Easthouses, Lingerwood and Lady Victoria positioned on the eastern side. The shallowest layers of this syncline are from the Coal Measures Group, with deeper sandstones and cyclical coal-and limestone-bearing sequences of the Clackmannan Group. The overburden and underburden are assumed to be homogeneous and have been given material properties related to the Coal Measures (Table 1; Malolepszy 2003; BGS 2015) . The material properties for the coal pillars are taken from generic values for coal, again assumed to be homogeneous (Durucan & Edwards 1986; Holloway et al. 2002; Malolepszy 2003; Ordóñez et al. 2012) .
Deformation of saturated rock is controlled by the material-dependent properties of rock stiffness, confining stress and pore pressure (Ma & Zoback 2017) , i.e. the effective stress. The elastic parameters of Young's modulus and Poisson's ratio (the ratio of lateral to longitudinal strain) are required for the model calculations. A full sensitivity analysis of these parameters has not been undertaken at this stage; standard literature values for sedimentary sandstones/ limestones (Duncan Fama et al. 1995; Dethlefsen et al. 2016) and coal (Murali Mohan et al. 2001; Salmi et al. 2017) were given to the overburden and pillars respectively, as summarized in Table 1 .
The material properties of the water-filled stalls are more complex to determine, as water does not behave as a rock material. The stalls were assumed to be fully porous (i.e. 100%) and the density of water (1000 kg m −3 ) was used. Model analysis was undertaken on the impact of varying the permeability of the stalls and a value of 10 −10 m 2 was considered appropriate for this continuum model. A Young's modulus value two orders of magnitude smaller was considered small enough to allow differentiation with the rock while not causing modelling instability. The Poisson's ratio of 0.25 was given, making it consistent with the other materials.
Numerical modelling approach
Research into modelling mine water heat schemes has focused on heat extraction and flow transfer in mines ranging from analytical solutions to 3D numerical models. The inclusion of geomechanical processes in this research has meant a numerical solution is more appropriate than an analytical solution. Several different numerical codes covering finite difference, finite element and finite volume solutions have been used to model heat and flow transport processes in mines; a full review can be found in Loredo et al. (2016) . None of these models has included geomechanical processes and few of the modelling codes used previously have the capability of solving the geomechanical governing equations alongside heat and fluid flow processes. The modelling code used in this study is OpenGeoSys (https:// www.opengeosys.org/) (Kolditz et al. 2012 ); a finite element open source code specifically developed for coupled thermohydro-geomechanical-chemical (THMC) processes in porous and fractured media. This established code is used to simulate uplift in a complex system as a precursor to understanding stresses in the overburden and underburden at the pillars due to the superposition of the mechanical, thermal and hydraulic signals.
To ensure simplicity of calculations the model was constructed as a fully saturated, steady-state system in 2D. The mesh was created using Gmsh (Geuzaiine & Remacle 2009) , with triangular elements, node spacing ranged from 0.5 m at the workings to 1.4 m at the model extremities.
Simulations for this research were performed through coupled hydraulic-mechanical processes. Hydraulic flow is calculated using Darcy's law for a saturated media (Freeze & Cherry 1979) :
where Q is the volumetric flow rate (m 3 s −1 ), p is pressure (Pa), t is time (s), k is intrinsic permeability of the rock (m 2 ), μ is dynamic viscosity of the fluid (kg m −1 s −1 ), ρ fluid is fluid density (kg m −3 ), g is gravitational acceleration (m s −2 ) and z is the depth to the datum (m). The modelling was calculated using steady-state conditions. Deformation of a body is calculated by the momentum balance equation, in terms of stress as (Wang et al. 2009 ):
where σ is the stress tensor. Stress is related to strain via a constitutive relationship. In this case Hooke's Law of linear elasticity has been used, whereby the resulting strain is proportional to the applied stress:
where E is Young's modulus and e is the strain. The model makes the assumption of plane strain in 2D and is solved using a linear iterative method. Modelling the deformation of saturated mine workings requires coupling of the hydraulic process with the mechanical process via poro-elasticity. This Modelling surface uplift due to mine water rebound at University of Edinburgh on September 3, 2019 http://sjg.lyellcollection.org/ Downloaded from is achieved through the concept of effective stress for porous media, which states that the actual stress resulting in a deformation is a function of the fluid pressure and the stress conditions. This is determined from:
where σ′ is the effective stress (Pa), σ is the stress (Pa), P is the fluid pressure (Pa), and α is the Biot coefficient (-). The Biot coefficient is a poro-elastic coupling parameter that is essentially the ratio of fluid pressure to transferred rock pressure (McDermott et al. 2016) . A value of 1 was used in this model as a representative estimate, whereby all changes in the fluid pressure are transferred to the rock which is realistic for this model set-up.
Discussion
Results
The fluid velocity results output from the model are presented as vectors in Figure 4 , showing two pillars (outlined in black) with the stall in between. These vectors show that fluid will preferentially flow through the stalls, which is as expected, as this is the most permeable layer. The overall direction of flow is from the base of the model to the top, which is as expected when no regional groundwater gradient is considered. These results provide reassurance that the model can be used to assess the impacts of rising groundwater levels on the mine workings. Surface uplift in the area of interest has been measured as around 8 mm a −1 between October 2015 and 2017 (GVL 2018) and this has been attributed to mine water rebound (Sowter et al. 2017) . This uplift was measured by processing Sentinel-1 satellite data using InSAR software to produce average velocity maps (GVL 2018).
A total water-level rise of 40 m (167-127 m below surface) was modelled in two 20 m steps, representing the field data presented in Figure 2 . The differential results have been assessed as compared to the initial water level. The modelled vertical displacement (Fig. 5) shows that rising water level leads to uplift of the whole rock volume. An uplift of 55 mm for a water-level rise of 40 m was calculated at the top of the model. This equates to 1.4 mm uplift for every 1 m of water-level rise compared to the measured uplift of c. 1 mm uplift per 1 m of water-level rise (based on GVL and Coal Authority data).
The differences between 20 m and 40 m water-level rise are clear; the displacement for a water-level increase of 40 m is double that for a water-level rise of 20 m: 55 mm compared to 27.5 mm. This proportionality is as expected given the uniform material properties and steady-state nature of the model.
A detailed view of the displacement around the edges of the pillars is shown in Figure 6 , again for both the 20 m and 40 m rise in water level. The mesh of the model is shown in grey. The material in between each pillar ( pillars outlined in black) is the water-filled stall which, due to the mechanical properties, shows a higher displacement than around the pillars.
The horizontal and vertical displacement around the pillar edges is of interest as this is where stress is likely to build up and cause weakening of the pillar over time. Figure 7 shows the differential displacement in the horizontal direction where the lateral movement of the pillar into the stall space can be seen. This occurs due to the difference in Young's modulus between the two materials. The horizontal displacement increases with increasing pressure (water level). The maximum horizontal displacement is an order of magnitude lower than the maximum vertical displacement: 0.002 m compared to 0.055 m.
The component of shear stress is important in determining pillar stability; the modelled results are shown in Figure 8 . Due to the displacements shown in Figures 6 and 7 , the shear stress is highest at the corners of the pillars and the magnitude is approximately doubled from 0.15 MPa to 0.30 MPa with a doubling in head.
These results highlight the impact of water-level changes on the stresses placed on flooded pillar-and-stall workings, specifically the interaction between the pillar edge and the water-filled void next to it. The differential horizontal displacement is largest at the edges of the pillars, emphasizing the changes the pillar undergoes with a rising water level. The shear stress seen at the edges of the pillars is also significant as this is the likely location where stress could build up. The modelled stresses are low compared to rockstrength values but future work is needed to test if small changes to critically stressed zones could lead to rock failure.
Model limitations
This model simulates the geomechanical impact on a single layer of saturated pillar-and-stall workings as a result of rising water level. As this is a generic steady-state model it does not take into account site-specific factors such as the dip of mine workings and strata, or mechanical and storage properties of the overburden between the top of the model and ground level.
Initial analysis indicates that the depth of workings, modelled through changing the geometry and the lithostatic pressure source term, has no impact on the magnitude and direction of the resultant modelled displacements and stresses (Fig. 9 ). This is due to the model set-up and overburden being assumed to be homogeneous and isotropic.
In reality, there will also be regional groundwater flow which could impact the hydraulic pressure values and subsequently the deformation results and, as indicated above, modelling the water-filled stalls with equivalent mechanical material properties is complex. Nevertheless, the modelled uplift to water-level rise ratio is of the same order of magnitude to that observed (1.4 mm m -1 and 1 mm m -1 respectively, providing confidence in the methodology and a strong basis from which to develop a site-specific model.
Future work
This model highlights the results for a simple case of rising mine water level, it is the first step in understanding the geomechanical response of flooded pillar-and-stall workings to changes in hydrostatic pressure. The next stages of modelling will aim to understand how displacements and stresses are dissipated through a layered heterogeneous overburden and underburden, which will also include multiple layers of workings that are likely to influence the deformation profile. The impact of changing saturation (i.e. water level) on the overburden properties will also be investigated.
The main aim of future work will be to develop the model to understand the impacts of mine water heating/cooling schemes on the integrity of pillar-and-stall workings. Mine water heat systems are likely to abstract and inject water cyclically, depending on heating and cooling needs and storage requirements. These systems are expected to cause smaller changes in water level and pressure than those modelled but any critically stressed rock could fail due to small changes in stress conditions. It is also known that rock fatigue is important in cyclical systems. Even small changes in stress amplitudes can cause fatigue, resulting in rock failure (Preisig et al. 2016 ). An important next step will be to determine failure criteria for the pillars, based on rock-strength properties. The model will also be developed to include the coupling of heat transport and transient conditions.
Conclusions
This paper describes a method to assess the impacts of rising water on saturated pillar-and-stall workings. It has focused on the development of a preliminary, generic coupled hydraulic and geomechanical model with one layer of workings, including five pillars and four stalls. Rising mine water levels were modelled through increasing hydrostatic pressure above the workings.
Increasing fluid pressure results in a modelled uplift of 55 mm caused by a decrease in effective stress. This deformation, combined with the geometry of the pillars and stalls, leads to minor stress concentrations at the edges of the water-filled stalls. The magnitude of this is modelled to increase linearly with increasing water level/fluid pressure.
Rising mine water levels resulted in a modelled uplift to water-level rise ratio of 1.4 mm m −1 , which is in the same order of magnitude to that observed in Midlothian, Scotland of 1 mm m -1 due to mine water rebound. The results provide a valuable understanding of the potential geomechanical impacts of mine water heat schemes which abstract or inject water and heat into pillar-and-stall coal mine workings.
The simulated uplift is a precursor to understanding the stress in the overburden and underburden at the pillars due to the superposition of the mechanical, thermal and hydraulic signals associated with mine water heat schemes. This model validates the hydraulic and mechanical coupling at a regional scale. Planned future work will develop the model further with the aim of understanding the impacts of mine water heating/cooling and storage schemes on the integrity of pillar-and-stall workings.
